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It has been well established that the regulation of gene activity
is strongly dependent on the higher-order structure of genom-
ic DNA molecules.[1] Several strategies have thus been devel-
oped to control the higher-order structure of long DNA mole-
cules. Most of them have been based on the use of chemical
compounds that bind to DNA to neutralize its charge, such as
polyamines, multivalent metal cations, cationic surfactants, cat-
ionic polymers, nanoparticles, or crowding agents such as hy-
drophilic polymers.[2] Depending on the concentration of these
additives, DNA exhibits a folded or unfolded conformation.
Nevertheless, with all these strategies, it is impossible to act in
a reversible way on the DNA higher-order structure under a
constant chemical composition.

Moreover, for transfection applications, compacting DNA is
an essential step to allow the entry of DNA into the cell. In
most cases, however, DNA remains in a compact conformation
inside the cell, which can significantly alter the DNA gene ex-
pression. Using an external stimulus to control DNA higher-
order structure within a cell-sized compartment has thus
became an important challenge.

On the other hand, motivated by the perspective of DNA
vectorization,[3] preparation of artificial cells[4] or biochemical
microreactors,[5] many scientists have attempted to encapsu-
late DNA into cell-like microcompartments, for example, cell-
sized liposomes[6] or phospholipid-coated microdroplets.[7] Con-
sequently, various successful strategies have been proposed to
prepare DNA–liposome complexes[8] or encapsulate DNA inside
liposomes.[9] In most cases encapsulated DNA molecules were
typically smaller than a few thousands base pairs. However, in
nature, genomic DNA molecules can be much larger, up to
hundreds of kbp (kilo base pairs). To the best of our knowl-
edge, no method has been proposed to encapsulate efficiently,

in a controlled way, and without degradation, DNA molecules
that are larger than 1 kbp into cell-sized liposomes. One paper
reported the encapsulation of T4 DNA molecules, but the data
were not sufficient to draw conclusions about the integrity of
encapsulated DNA chains.[10] Another strategy was to encapsu-
late DNA in a compact state, but DNA molecules remained in
their compact state once they were encapsulated.[11]

Very recently, Le Ny and Lee made a breakthrough by pro-
posing a system where DNA higher-structure can be controlled
by light in a reversible manner.[12] This was achieved by adding
to a DNA solution a photosensitive cationic surfactant, azoben-
zene trimethylammonium bromide surfactant (AzoTAB). The
apolar tail of the surfactant contains an azo group, which is
mainly in the trans (more hydrophobic) conformation under
visible conditions. Under UV illumination (365 nm), the azo
group photoisomerizes into the cis (more hydrophilic) confor-
mation. They demonstrated that there exists an AzoTAB con-
centration range for which DNA is in the compact state under
dark/visible conditions but in the unfolded state under UV illu-
mination, that is, DNA higher-order structure can be controlled
by light. In this study, the authors mainly characterized the
average property of many DNA chains in solution.

Here, we characterized the single-chain conformational be-
havior of long genomic DNA as a function of AzoTAB concen-
tration and time of UV illumination. We established that the
transition has a first-order character at the single-chain level.
We studied the single-chain unfolding upon UV illumination
and evidenced two mechanisms of single-chain DNA unfold-
ing. Then we applied this strategy to unfold genomic DNA
molecules that are encapsulated in cell-mimicking microcom-
partments. To this end, DNA that was compacted by AzoTAB
under visible conditions was encapsulated into cell-sized mi-
crodroplets that were coated with various phospholipids prior
to UV light exposition. We studied the unfolding process of in-
dividual DNA molecules inside the microdroplets. We could
successfully unfold most of the DNA molecules when the
phospholipid was anionic (DOPS phospholipid). We thus dem-
onstrated how an external stimulus, here light, can be used to
control the higher-order structure of individual genomic DNA
molecules within cell-sized phospholipid-coated microcompart-
ments.

By using fluorescence microscopy (FM), we characterized the
conformation of individual T4 DNA molecules at a very low
DNA concentration (0.1 mm) in Tris–HCl buffer (10 mm, pH 7.4).
To the DNA solution, we added azobenzene trimethylammoni-
um bromide (AzoTAB, Figure 1A) at various concentrations
under dark conditions (most of AzoTAB molecules are in the
trans conformation, that is, more hydrophobic). Depending on
AzoTAB concentration, we distinguished three regimes with re-
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spect to the individual conformations of DNA molecules. For
AzoTAB concentrations less than 480 mm, all individual mole-
cules were in the typical coil state, which is characterized by
large intrachain fluctuations and a slow translational diffusion
(Figure 1B, left). For AzoTAB concentrations greater than
580 mm, we observed that all DNA molecules were in the fully
compact state, which is characterized by a very fast-diffusive
Brownian motion (Figure 1B, right). The diffusion coefficient of
such compact DNA molecules corresponds to freely diffusing
particles of approximately 100 nm in diameter, in good agree-
ment with previously reported electron microscopy characteri-
zations of DNA condensates.[2b,13] For intermediate AzoTAB
concentrations (between 480 mm and 580 mm), fluctuating
shrunk coils coexist with DNA molecules in the fully compact
state (Figure 1B, middle).

For a quantitative characterization of the DNA conformation-
al state, we measured systematically the DNA apparent long-
axis length LDNA (as defined in Figure 1C) of a large number of
individual DNA molecules (ca. 200 per distribution) and estab-
lished the distribution of LDNA as a function of AzoTAB concen-
tration (Figure 1D). Figure 1D (left) shows that at a low
AzoTAB concentration, most DNA molecules are elongated
(LDNA ~3–4 mm), which is attributed to the electrostatic repul-
sion between phosphate groups and semiflexible nature of
long DNA; the width of the distribution can be explained by
the fluctuating character of individual chains due to the intra-
chain Brownian motion of monomers. In contrast, at a high
AzoTAB concentration, the distribution is very narrow and cen-
tered around 0.7 mm, which corresponds to the situation
where all DNA molecules are in a very dense compact state

Figure 1. Phase diagram of single-chain T4 DNA in the bulk solution as a function of AzoTAB concentration. For all experiments, the T4 DNA concentration is
0.1 mm in 10 mm Tris–HCl buffer solution. A) Chemical structure of azobenzene trimethylammonium bromide (AzoTAB). B) Typical fluorescence microscopy
(FM) images of T4 DNA for AzoTAB concentrations of 10 mm (left), 520 mm (middle), and 700 mm (right). Left, all DNA molecules are in the coil state. Middle,
shrunk coil and compact state coexist. Right, all molecules are in the compact state. Scale bar is 5 mm. C) Definition of the apparent long-axis length of
single-chain DNA (LDNA). D) Distributions of LDNA for various AzoTAB concentrations. LDNA was extracted from FM images of DNA molecules and each distribu-
tion was established on about 200 individual DNA molecules. Each point gives the fraction of DNA molecules that has a given LDNA �0.25 mm. Solid lines are
guides. E) Average single-chain DNA size as a function of AzoTAB concentration. Blue circles correspond to molecules in the elongated or shrunk coil state,
and red squares correspond to DNA molecules in the compact state. Each symbol with error bars represents the average value of LDNA distributions plus or
minus one standard deviation. F) Fraction of DNA molecules in the compact state as a function of AzoTAB concentration. Error bars are within the symbol
size.
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(Figure 1D, right). In this case, the apparent DNA long-axis
length is much larger than the actual size of DNA molecules
(around 100 nm), which can be explained by the blurring
effect of fluorescent light.[14] For intermediate AzoTAB concen-
trations, the distributions clearly indicate the coexistence of
two populations: 1) a wide distribution centered on LDNA

~2.5 mm, which corresponds to fluctuating coils but shrunk
compared to the elongated coil state observed under low con-
centration of AzoTAB; and 2) a narrow distribution centered on
0.7–1 mm corresponding to DNA molecules in the fully com-
pact states (Figure 1D, middle). Figure 1E shows the complete
phase diagram of individual DNA molecules where the average
individual DNA length that is obtained from distributions is
plotted as a function of AzoTAB concentration. The coexistence
region at intermediate AzoTAB concentrations is clearly evi-
denced. In this region, the fraction of compact state increases
with an increase in AzoTAB concentration (Figure 1E). All these
results show that the single-chain compaction of DNA by
AzoTAB molecules is of a first-order type with the coexistence
of shrunk coil and compact states at intermediate AzoTAB con-
centrations. Such a discrete single-chain transition is typical of
DNA compaction by oppositely charged compounds, and the
presence of shrunk coils in the coexistence region is more spe-
cific to a DNA–cationic surfactant interaction.[2e] It has been in-
terpreted theoretically as a direct consequence of the semiflex-
ible nature of long DNA.[15]

We studied the effect of UV light illumination on the DNA
single-molecule conformation. First, DNA molecules were com-
pacted in the presence of AzoTAB as described above. Then,
we followed the evolution of single-chain DNA conformation
for different UV exposure times. Figure 2A shows time–se-
quence fluorescence microscopy images of individual DNA
molecules for two AzoTAB concentrations. At a concentration
of 600 mm, the DNA molecule is in the typical fully compact
state before UV exposure, in agreement with the phase dia-
gram shown in Figure 1E. With an increase in UV illumination
time, the molecule expands progressively. After 50 min of UV
illumination, the molecule has all the characteristics of a DNA
coil (intrachain fluctuations and LDNA ~3 mm). This unfolding
process from a compact state to a (elongated or shrunk) coil
upon UV illumination was observed for most DNA molecules
at AzoTAB concentrations of 600 mm and 700 mm. Figure 2B
(left) shows the DNA size distribution as a function of UV illu-
mination time. It confirms that the fraction of DNA molecules
in the compact state decreases with an increase in illumination
time, and the fraction of unfolded or partially unfolded coils in-
creases. Figure 2C shows that this progressive unfolding upon
UV illumination time is accompanied by an increase in the
average size of individual DNA molecules, which seems almost
independent of the AzoTAB concentration. It is interesting to
compare Figures 1D and E (compaction) to Figures 2B and C
(unfolding by light). During the unfolding process, the all-or-
none character is less marked than during the compaction pro-
cess, which might be a consequence of kinetic effects. More-
over, by considering the size distribution one notes that after
compaction and UV illumination, the initial state, in which
100% of DNA molecules are in the elongated-coil state, is

never reached. After compaction and 50 min of UV illumina-
tion, all molecules are unfolded (0% of compact state) but
only a small part of DNA molecules attain the elongated coiled
state (LDNA~3–3.5 mm), and most of them reach a shrunk coil
state (LDNA~2.5–3 mm). This might be due to a residual binding
of AzoTAB molecules with DNA, which prevents DNA mole-
cules from reaching the elongated coil state.

Furthermore, for AzoTAB concentrations higher than 800 mm,
we observed a different conformational response to UV illumi-
nation. At 940 mm, Figure 2A (right) shows an individual DNA
molecule, initially in the compact state, which also expands
with an increase of UV illumination time but keeps a globular
conformation. The resulting swollen globule is a highly fluctu-
ating structure as shown in Figure 2A (AzoTAB 940 mm, 50 min
UV). Figures 2B and C show that all DNA molecules reach a
similar conformation and never unfold regardless of UV illumi-
nation time. The characteristic fluctuations of the globule sur-
face lead to various metastable pearling structures, and small
portions of coil DNA can also be observed emerging succinctly
between the “pearls”, or at the surface of the globule. This
effect presents similarities with the pearl-necklace instability of
polyelectrolytes under poor solvent conditions,[16] and might
be due to the competition between surface energy of the
globule and electrostatic repulsion between charged mono-
mers.[17]

Until this point, we demonstrated how to control the bulk
conformation of individual DNA molecules by light. Then, we
applied this approach to DNA molecules that were encapsulat-
ed in water-in-oil phospholipid-coated microdroplets. For all
experiments, a solution of DNA that was unfolded (no AzoTAB)
or compacted by AzoTAB (700 mm), was encapsulated in phos-
pholipid-coated microdroplets and exposed to UV. Under our
experimental conditions, microdroplets were about 10–200 mm
in diameter and contained typically 1–30 DNA molecules. Fig-
ure 3A summarizes the results obtained under various condi-
tions. In the absence of AzoTAB, that is, when DNA was directly
encapsulated from the elongated coil state, the average size of
encapsulated DNA is 1.0�0.3 mm, which indicates a marked
degradation of DNA chains (before encapsulation LDNA =3.7�
0.6 mm); this is attributed to the strong shear stress on DNA
molecules during the emulsification step. In the presence of
AzoTAB (700 mm), that is, DNA was first compacted and then
encapsulated, the encapsulation was carried out by using two
different phospholipids: EPC and DOPS. With EPC as a phos-
pholipid, all DNA molecules are in the compact state before
UV illumination (LDNA =0.85�0.17 mm). After 22 min under UV
illumination, no significant change was observed, and most of
the DNA molecules remained in the compact state (LDNA =

0.82�0.14 mm). Moreover, regardless of UV illumination time, a
majority of observed DNA molecules were immobile or
showed constrained Brownian motion in the vicinity of the
droplet surfaces. All these observations indicate a strong inter-
action between EPC and DNA molecules. EPC is a zwitterionic
phospholipid that can electrostatically interact through its cat-
ionic part with the DNA’s negative phosphate groups. This can
induce adsorption of DNA molecules on the phospholipid-
coated droplet surface as well as favour a compact state for
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encapsulated DNA molecules. In contrast, when using the neg-
atively charged phospholipid DOPS, results were markedly dif-
ferent. Before UV illumination, all DNA molecules were in the
fully compact state, most of them diffused freely in the core of
the droplets because the bare negative charge of the droplet
surface prevented the DNA molecules from adsorption. More-
over, we observed the progressive unfolding of individual DNA

molecules under UV illumination. Figures 3A and B show that
the average DNA length is 2.1�0.9 mm and 2.4�0.7 mm after
17 min and 32 min, respectively. DNA unfolding thus seems to
be slightly faster and more efficient in the confined environ-
ment of negatively charged microdroplets than that under the
bulk conditions. A precise determination of confinement ef-
fects in various microenvironments (droplets, liposomes, micro-

Figure 2. Single-chain DNA unfolding in bulk solution upon UV illumination. For all experiments, the T4 DNA concentration is 0.1 mm in 10 mm Tris–HCl buffer
solution. A) Time-lapse sequence of fluorescence microscopy images of individual DNA molecules compacted by an AzoTAB concentration of 600 mm (left
panel) and 940 mm (right panel), respectively, under UV illumination. For each panel, the pictures are separated by 100 ms along the horizontal axis, and the
vertical axis corresponds to an increasing time of UV exposure (from top to bottom). The UV exposure time is indicated on the left part of each panel. Each
picture has a size of 5N5 mm. B) Distributions of LDNA (as defined in Figure 1C) as a function of UV exposure time for AzoTAB concentrations of 600 mm (left)
and 940 mm (right), respectively. LDNA was extracted from FM images of DNA molecules, and each distribution was established on about 200 individual DNA
molecules. Each point gives the fraction of DNA molecules that have a given LDNA �0.25 mm. Solid lines are guides. C) Average single-chain DNA size as a
function of UV exposure time for AzoTAB concentrations of 600 mm and 700 mm (left), and 800 mm and 940 mm (right). Each symbol with error bars represents
the average value of LDNA distributions plus or minus one standard deviation.

1204 www.chembiochem.org D 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2008, 9, 1201 – 1206

www.chembiochem.org


fluidic chambers) is now under investigation. One also notes
that DNA molecules do not return to the initial elongated
state but rather a slightly shrunk coil state, as was the case for
the experiments in bulk. Finally, only a very small fraction of

DNA molecules were broken
during the encapsulation, which
shows that reversible compac-
tion of long DNA molecules is a
good strategy to manipulate
DNA molecules under high shear
forces with very few degrada-
tion. As an illustration, the movie
in the Supporting Information
and Figure 3C show microscopy
images of unfolded DNA mole-
cules that are encapsulated in a
28 mm DOPS-coated microdrop-
let after 32 min of UV illumina-
tion. In the movie, a few unfold-
ed DNA molecules that are freely
fluctuating in the droplet are
clearly visible. In the images that
are shown in Figure 3, two en-
capsulated unfolded DNA mole-
cules are traced. The time-lapse
sequences zoomed on these two
molecules show that they freely
fluctuate inside the droplet, and
are not adsorbed on the droplet
surface. All these results show
that DNA molecules were encap-
sulated and unfolded inside the
DOPS-coated microdroplets with
a good yield and low degrada-
tion.

In this study, we investigated
the behavior of long genomic
DNA molecules (T4 DNA) in the
presence of the photosensitive
cationic surfactant AzoTAB in
bulk and cell-mimicking micro-
environments. In both cases, we
showed that the conformation
of individual DNA molecules can
be controlled by light without
changing the chemical composi-
tion of the medium. By encapsu-
lating DNA that had been previ-
ously compacted with AzoTAB in
negatively charged phospholip-
id-coated droplets, DNA mole-
cules were successfully unfolded
with almost no degradation
inside the cell-mimicking micro-
droplets. Because DNA higher-
order structure is strongly relat-
ed to its biological activity, all

these results should find applications in the development of
artificial cells as well as in the control of gene expression in
ACHTUNGTRENNUNGartificial or living environments.

Figure 3. DNA encapsulation and unfolding by UV light inside cell-sized phospholipid microdroplets. For all ex-
periments, a solution of T4 DNA (0.1 mm in 10 mm Tris–HCl buffer solution), unfolded (no AzoTAB) or compacted
by AzoTAB (700 mm), was encapsulated in phospholipid-coated microdroplets and exposed to different UV illumi-
nation times. A) Average DNA size for different conditions of encapsulation: without AzoTAB and with DOPS as a
phospholipid (direct encapsulation) ; with AzoTAB, EPC as a phospholipid, and a UV illumination time of 0 or
22 min (EPC); with AzoTAB, DOPS as a phospholipid and a UV illumination time of 0, 17, or 32 min (DOPS). B) Dis-
tributions of LDNA (as defined in Figure 1C) as a function of UV exposure time. DNA molecules compacted by
AzoTAB were encapsulated in microdroplets with DOPS as a phospholipid. LDNA was extracted from FM images of
DNA molecules and each distribution was established on about 200 individual DNA molecules. Each point gives
the fraction of DNA molecules that has a given LDNA �0.25 mm. The solid lines are guides. C) Microscopy images
of DNA that is encapsulated in a microdroplet with DOPS as a phospholipid after 32 min of UV illumination time.
Top: Transmission (left), fluorescence (middle), and superposition in false colors of the transmission image (red
channel) and fluorescence image (blue channel) (right). The two bottom panels show time-lapse sequences that
are magnified from the zones that are indicated by the dashed squares in the upper middle picture; pictures are
separated by 100 ms along the horizontal axis. All scale bars are 5 mm.
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Experimental Section

Materials : Phospholipids—1,2-dioleoyl-sn-glycero-3-[phospho-l-
serine] (DOPS) and egg yolk l-a-phosphatidylcholine (EPC)—were
obtained from Avanti Polar Lipids (Alabaster, USA), bacteriophage
T4 DNA (166 kb) was from Wako Chemicals (Osaka, Japan), YOYO-1
iodide was from Molecular Probes. All other chemicals were pur-
chased from Sigma. Deionized water (Millipore, 18 MOhmcm�1)
was used for all experiments.

AzoTAB synthesis : Azobenzene trimethylammonium bromide
(AzoTAB) synthesis was adapted from the method that was de-
scribed by Hayashita et al.[18] The purity of the final product was
checked by 250 MHz 1H and 13C NMR spectroscopy.

Preparation of DNA samples : Water, Tris–HCl buffer, YOYO-1
iodide, and AzoTAB were mixed in this order prior to careful T4
DNA introduction (under low-shear conditions to avoid DNA break-
age). For all experiments, we used T4 DNA at a final concentration
of 0.1 mm (concentration in nucleotides) in Tris–HCl buffer (10 mm,
pH 7.4) with YOYO (0.01 mm) as a DNA fluorescent dye. Under
these conditions, it has been established that T4 DNA molecules
essentially do not interact with each other (dilute regime). Final
AzoTAB concentrations were between 0 and 1 mm. For all steps
except UV illuminations, DNA samples were kept under dark condi-
tions. Samples were equilibrated during 15 min prior to DNA char-
acterization by fluorescence microscopy. All experiments were per-
formed at ambient temperature.

DNA encapsulation in phospholipid-coated microdroplets : The
detailed method of microdroplet preparation is described in
ref. [7]. Briefly, a phospholipid film (EPC or DOPS) was prepared by
evaporating a chloroform solution that contained the phospholi-
pids under nitrogen flow. After drying for 1 h under vacuum, the
film was dissolved in mineral oil under sonication at 50 8C for 1 h.
Right after sonication, phospholipid solution in oil was vortexed
for approximately 2 min and used within one day. The final con-
centration of phospholipid in oil was 0.5 mm for all experiments.
DNA encapsulation was achieved by pipetting the DNA sample so-
lution (4 mL) up and down into oil that contained phospholipids
(200 mL) for approximately 1 min.

UV illumination : UV exposure was performed by placing the
sample (DNA solution or emulsion of microdroplets that contained
DNA) at 6–8 cm distance from an 8 W UVLMS-38UV lamp (UVP,
Upland, CA, USA) at 365 nm.

Fluorescence microscopy : Fluorescence microscopy was per-
formed on an Axiovert 135 inverted microscrope (Carl Zeiss),
equipped with a 100N oil-immersed objective lens. Images were
acquired by using an EB-CCD camera and an image processor
Argus 10 (Hamamatsu Photonics, Hamamatsu, Japan). For charac-
terization of DNA conformation in bulk solution, DNA samples
were introduced in custom-built observation cells, where the ob-
servation area consisted of two cover glass slides separated by
about 150 mm. For characterization of DNA conformation inside mi-
crodroplets, the emulsion that contained microdroplets was intro-
duced into a chamber that was made of a PDMS (polydimethylsil-
oxane/RTV615 in a 1:10 ratio, General Electrics) slab stuck on a
cover glass slide, which was previously treated by trimethylchloro-
silane in the vapor phase to make it hydrophobic and avoid drop-
let spreading.[7] For all experiments, glass slides were previously
cleaned by baking at 500 8C for 1 h.

Keywords: biomimetism · DNA · liposomes · photocontrol ·
self-organization
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